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Challenging the SM
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HE production of new 
particles. Probe directly 
structure of matter and 
its interactions

LE precision measurements access 
effects of exchange of virtual new 
particles. Quantum-probe of higher 
energies than directly accessible 

flavor!



Flavor matters
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The physics of matter at its most fundamental level. Deals 
with masses and mixings of fermions

λ≈ 0.22

Origin of mass? Why are masses so different across 
generations? Why are couplings different?...



CP violation
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Not the SM - but has sufficient complexity to accommodate it.                                                                              
However, SM extensions generate additional sources of CP (or 
flavor) violation. Measuring them could guide us toward a more 
general theory.

Physics laws are not 
invariant for mirror-

reversal of the 
spatial arrangement 
and replacement of 

all particles with 
antiparticles

-λ3e-iφ

λ3eiφ

Who ordered this?  



State of the Art

5

The mantra: multiple, precise, and redundant experimental 
tests of flavor dynamics will reveal early signs of new 
particles/couplings.

Triggered dedicated experiments and theory advancements 
over the past 15+ years. 

Formidable success.

SM explains satisfactorily CPV data in leading B/K transitions 
(barring 10-15% corrections) 

 New particles are much heavier than O(1) TeV

 New particles at O(1) TeV, but have fine-tuned dynamics

 New particles couple very weakly with ordinary ones



The end of the story?
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Complementary to K and B. 
Uniquely probes BSM that 
couples to up-type quarks 

Only recently data reached 
the precision to probe 
interesting regions of SM and 
BSM scenarios

Interest fueled by oscillation 
strength greater than most 
predictions. Any BSM in 
loop?  Enhanced CP violation 
may show up as well.

Perhaps not. Charm potential to be fully explored yet

observed
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Why search for CP 
violation in charm ? 

No evidence for CP violation in charm 
decays has yet been found 

3"

D0 mixing is well established at a level 
which is consistent with, but at the 

upper end of SM expectations 
HFAG arXiv:1010.1589 

BSM?



Downsides

7

 Effects are small.                    
Charm involves 1st and 2nd 
families where CPV is 
strongly suppressed .Calls 
for very large samples and 
control on systematics.

 Predictions are hard, if any.                                
M(charm) >> zero but  
M(charm) >≈ M(s, u, d) . 
Typical accuracy not better 
than order-of-magnitude 

λ3eiφ

-λ3e-iφ



Difference of CP-violating 
asymmetries in   

D0->K+K-  and D0-> π+π-

decays
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D0--> π+π-  and K+K- 

Neutral flavored: can 
oscillate, providing a 
“box” for BSM to 
show up.

Both D0 and D0 decay 
into KK and ππ, with 
and without 
oscillation.

“Tree” and “penguin” 
make CPV 
observable and 
provide a loop for 
BSM to show up
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580 D.-S. Du: CP violation for neutral charmed meson decays into CP eigenstates

where f̄ is the CP conjugate state of the final state f , and

|f̄〉= CP |f〉= ηCP |f〉 ,

where ηCP = ±1 is the CP eigenvalue (or CP parity). For
the amplitude of D0

p(t)→ f̄ , we have from (2)

A
(
D0

p(t)→ f̄
)

=
〈
f̄
∣∣Heff

∣∣D0
p(t)
〉

=
p

q
g−(t)A(f̄)+ g+(t)Ā(f̄)

= Ā(f̄)
{
g+(t)+ λ̄f̄g−(t)

}
. (8)

Now it is easy to calculate the time-dependent widths
Γ (D0

p(t)→ f) and Γ (D0
p(t)→ f̄). Using (3), (5) and (8), we

have

Γ
(
D0

p(t)→ f
)

=
∣∣A
(
D0

p(t)→ f
)∣∣2

= |A(f)|2
{
|g+(t)|2 +2 Re

[
λfg

∗
+(t)g−(t)

]

+ |λf |2|g−(t)|2
}
, (9)

Γ
(
D0

p(t)→ f̄
)

= |Ā(f̄)|2
{
|g+(t)|2 +2 Re

[
λ̄f̄g

∗
+(t)g−(t)

]

+
∣∣λ̄f̄
∣∣2|g−(t)|2

}
. (10)

In order to compute λf and λ̄f̄ , we need first to compute
the amplitude ratios Ā(f)/A(f) and A(f̄)/Ā(f̄). As an ex-

ample, we consider D0, D0→K+K−. Drawing the decay
diagrams (Fig. 1), we see that if we neglect the penguin di-
agram contribution, the D0 and D0 decay diagrams each
involve only one CKM factor, VusV ∗cs and V ∗usVcs, respec-

tively. The only difference of the D0 and D0 decay dia-
grams is that the initial and final particles change into their

Fig. 1. Decay diagrams for D0,
D0→K+K−

CP counterparts. So

Ā(f)

A(f)
=

Ā(D0→K+K−)

A(D0→K+K−)

= ηCP (K+K−)
V ∗usVcs

VusV ∗cs
= ηCP (K+K−) = +1 .

(11)

In (11), Vcs and Vus are both real in the Wolfenstein
parametrization of the CKM matrix, and ηCP (f) is theCP
parity of the final state f . Usually ηCP =±1 for different f .
Actually, we can prove that (see the appendix in [8]) if the
decays of D0 and D0 only involve one CKM factor respec-
tively, then the ratio Ā(f)

A(f) obeys

Ā(f)

A(f)
= ηCP (f)

e−iϕwk

eiϕwk
= ηCP (f) . (12)

The last equality holds only for charm decay, because all
the CKM matrix elements involved are real if we neglect
the penguin contribution.

Define

ρf =
Ā(f)

A(f)
, ρ̄f̄ =

A(f̄)

Ā(f̄)
. (13)

From (6) and (7), we have

λf =
q

p
ρf = ηCP (f)

∣∣∣∣
q

p

∣∣∣∣e
−iϕ,

λ̄f̄ =
p

q
ρ̄f̄ = ηCP (f)

∣∣∣∣
p

q

∣∣∣∣e
iϕ. (14)

Why search for CP 
violation in charm ? 

No evidence for CP violation in charm 
decays has yet been found 

3"

D0 mixing is well established at a level 
which is consistent with, but at the 

upper end of SM expectations 
HFAG arXiv:1010.1589 

BSM? BSM?

BSM?

Oscillate

Decay

_



CPV predictions
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Bergmann, 
Grossman, Ligeti, 
Nir, Petrov (2000) 

Grossman, Kagan, 
Nir (2004) 

Petrov (2011)

Le Yaouanc, Oliver, 
Raynal (1992)

It’s unanimous: CPV close to 1% strongly signals BSM physics



Reality check

11

CDF early 2011: world’s most precise measurements of CP-
violating asymmetries in 2-body D decays using 5.9 fb-1.

LHCb, late 2011: a more precise measurement of the difference, 
showing first evidence for CPV in charm with 1% size

(LHCb only measures differences to cancel poorly-known 
production asymmetries) 

ACP(D->KK) = (-0.24 ± 0.22 ± 0.09)%

  ACP(D->ππ) = (+0.22 ± 0.24 ± 0.11)%

              ΔACP = (-0.46 ± 0.31 ± 0.12)%    PRD 85, 012009 (2012)

ΔACP = (-0.82 ± 0.21 ± 0.11)%   PRL 108, 111602 (2012)



Charm physics at CDF 
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10 years of 2 TeV pp 
collisions (1014 collisions)

1% of collisions yield D  

Trigger + offline efficiency 
0.1-10%.

Reconstruct only charged 
decay products. 

Precise momentum and 
decay-position

Some PID (not in this 
analysis)

_



Silicon Vertex Trigger
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Dedicated hardware

Combines information from 
drift chamber and silicon

Finds all central tracks with 
pT > 2 GeV/c and determines 
their impact parameters

Does so in less than 20 μs 

Crucial role in this analysis: 
boosts yields by factor 30k

Real-time plot!



The intensity frontier
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π+π-   

K-π+   

K+K-   

PS: Kπ- is 
skewed and 
wider because 
reconstructed 
as π-π-.



Squeezing the most out of data
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No large gain from 5.9 =>10 fb-1 .Displaced-track triggers heavily 
suppressed in late data

Use all available displaced-
track triggers

Loosen track hits 
requirements

use D from B decays. +12% 
signal with no bias on final 
results.

Doubled signal yields. Costs some more background.                            
Expect resolution on final result competitive with LHCb

Redesign selection toward measurement of asymmetry difference. 
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Asymmetry
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D*+  → D0π+ →[ h+h- ] π+

D*- → D0π- →[ h+h- ] π-

Infer flavor by identifying D produced in charged D* decay. 

_ Strong D* decay conserves 
charm flavor, correlated with 

the pion charge

Comes with a price. 

Loose 85% of signal (but rejects lots of background) 

Injects a large (%) instrumental asymmetry. 

Reconstruct KK/ππ decays in whole CDF dataset (10 fb-1). 

Exploiting symmetric production, determine how many decays 
come from D0 and how many from anti-D0 



Hello, charming..
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CDF not charge-symmetric
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c 

Large radius drift chamber. 

Cells tilt of 35o  wrt radial direction

Requirement of D*-tag makes the final state charged



Instrumental asymmetry
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c 
D*+/D*- asymmetry

+ and - particles hit cells at different angles. Impacts track  
efficiency, which becomes charge/momentum dependent.

Additional charged pion induces instrumental asymmetries that 
spoil physics asymmetry -- cancel them in the difference



The difference
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D*+  → D0π+ →[ K+K- ] π+

D*- → D0π- →[ K+K- ] π-

Aobs(KK)= ACP(KK) + δ(π)

D*+  → D0π+ →[ π+π-] π+

D*- → D0π- →[ π+π- ] π-

Aobs(ππ)= ACP(ππ) + δ(π)

Aobs(KK) - Aobs(ππ) = ACP(KK) - ACP(ππ)

_ _

Additional bonus: since most SM and BSM models predict 
asymmetries of opposite sign in KK and ππ, the difference is 
likely to be more sensitive to CPV than the individual 
asymmetries.



Problem with kinematics equalization
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w(tot) = w(pT) x w(η) x w(d0)

For blessing

Kinematics differences
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Instrumental effects depend on kinematics. Need to reweight 
KK and ππ kinematics for realizing cancellation 

KK       
ππ 

pion transverse momentum pion pseudorapidity pion impact parameter



Reweighting
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Reweight events so that kinematic distributions become equal

KK       
ππ 

pion transverse momentum pion pseudorapidity pion impact parameter



Determining asymmetries
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Two knobs to isolate signal and count events  

D0 mass D*mass

Cut on this distribution

Two main knobs to isolate signal. 

Fit this distribution for D*+ 
and D*- simultaneously

            2.01        2.015         2.02                                              



Sample composition
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Signal D0 + random π Combinatoric D* --> D(->X) π

All backgrounds taken care by the fit of the D* tail. 

Remaining offender is D*->(D->X) π, which peaks in D* (eg D0 --> 
K ππ). Most dangerous for KK. Get the shape from inclusive 
charm simulation and fit size in data.

cut

fit



Getting the D* mass shapes
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Signal: functional form from simulation. Tune parameters in 
12.5M D0->Kπ decays (10x more abundant wrt KK and ππ)

Random pion: combine real D0 with all π from subsequent 
events in data.
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Cut on KK mass and fit D*mass
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1.Cut on D0 mass

2. Attach soft pion

3. Fit in D*mass
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D⁰ (positive pion)   D⁰ (negative pion)  
_

Aobs(KK) = (-2.33 ± 0.14)%



Cut on ππ mass and fit D* mass
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1.Cut on D0 mass

2. Attach soft pion

3. Fit in D*mass
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D⁰ (positive pion)   D⁰ (negative pion)  _

Aobs(ππ) = (-1.71 ± 0.15)%



Difference 
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ΔACP = (-0.62 ± 0.21 (stat.))%    

Aobs(KK) - Aobs(ππ) = (-2.33 ± 0.14)% - (-1.71 ± 0.15)% = 

Strong indication for a non-zero effect. Same direction and size as 
observed by LHCb. Same precision.

Remember: 2% individual asymmetries include contributions 
from any physics asymmetry and the (dominant) instrumental 
asymmetry due to the soft pion. 

Cancel the instrumental asymmetry:



Consistency checks
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Check the stability of the result

7

}χ2/ndf = 4.4/3

} χ2/ndf = 0.38/1

χ2/ndf = 0.46/1}

• Measurement repeated on different independent sub-samples:



Known unknowns
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Simulation constrains residual, higher-order instrumental effects 

Uncertainties on mass shapes. Possible residual mismodeling 
constrained with “anti-tuned” fits. 

Shape differences btw positive and negative D*.  Repeat fits with 
independent models for + and - signals and backgrounds.

Kπ tail leaks into ππ. Effect is the product of the measured Kπ 
asymmetry (3%) times the size (0.93%) of the contribution



The result
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ΔACP = (-0.62 ± 0.21 (stat) ± 0.10 (syst))%

This is 2.7σ different from zero, strongly indicating presence of 
CP violation in CDF charm data.

The uncertainty is 2 permil, dominated by the sample size.

Confirms LHCb result (-0.82 ± 0.21 ± 0.11)%.                                     
Same resolution, <1σ difference in central values 

CDF Public note 10784



Interpretation
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ACP = ACPdir + (<t>/τ) ACPind

≠D0 K
K

Direct      

Indirect

_
D0 K

K

D0 K
KD0

_
D0 K

KD0
_

≠

2 2

2 2

<t> is the mean of the observed proper decay-time of D in 
each sample. About 2.5τ. Difference of asymmetries 
dominated by direct component

ΔACP = ACPdir(KK) - ACPdir(ππ) + (<Δt>/τ) ACPind

ΔACP = ΔACPdir + (<Δt>/τ) ACPind

Decay-specific

universal



CP violation in charm 
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Linear relation between the 
difference of direct CPV and 
indirect CPV.

Slope is the difference in 
average decay-time between 
observed KK and ππ 
(experiment-dependent) 

Combination assuming 
Gaussian uncertainties and no 
correlations excludes CP 
conservation in charm at 3.8σ

ΔACP = (-0.67 ± 0.16)%, 
ACPind = (-0.02 ± 0.22)%   

ΔACP = ΔACPdir + (<Δt>/τ) ACPind

HFAG has very similar numbers
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Hic sunt leones (postdictions)
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Brod, Grossman, 
Kagan, Zupan 
(2012)

Franco, 
Mishima, 
Silvestrini, 
(2012)

Li, Lu, Yu 
(2012)

Feldmann, 
Nandi, Soni 
(2012)

If strong dynamics of D resembles K, then effect can be SM.               
If D behaves more like B, then it’s likely to be BSM (and BMFV)
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Resort to good ole data
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Individual KK and ππ asymmetries probe whether the observed 
effect is likely due to hadronic corrections or BSM. 

If rescattering is limited, then expect asymmetries of opposite 
sign and similar size.

CDF measurement by far the most precise, but still insufficient 
for conclusive understanding.

We report on a measurement of CP-violating asymmetries (ACP) in the Cabibbo-suppressed D0 !
!þ!" and D0 ! KþK" decays reconstructed in a data sample corresponding to 5:9 fb"1 of integrated

luminosity collected by the upgraded Collider Detector at Fermilab. We use the strong decay D#þ !
D0!þ to identify the flavor of the charmed meson at production and exploit CP-conserving strong c !c pair
production in p !p collisions. High-statistics samples of Cabibbo-favored D0 ! K"!þ decays with and

without a D#$ tag are used to correct for instrumental effects and significantly reduce systematic

uncertainties. We measure ACPðD0 ! !þ!"Þ ¼ ðþ0:22$ 0:24ðstatÞ $ 0:11ðsystÞÞ% and ACPðD0 !
KþK"Þ ¼ ð"0:24$ 0:22ðstatÞ $ 0:09ðsystÞÞ%, in agreement with CP conservation. These are the most

precise determinations from a single experiment to date. Under the assumption of negligible direct CP
violation in D0 ! !þ!" and D0 ! KþK" decays, the results provide an upper limit to the CP-violating
asymmetry in D0 mixing, jAind

CPðD0Þj< 0:13% at the 90% confidence level.

DOI: 10.1103/PhysRevD.85.012009 PACS numbers: 13.25.Ft, 14.40.Lb

I. INTRODUCTION

The rich phenomenology of neutral flavored mesons
provides many experimentally accessible observables sen-
sitive to virtual contributions of non-standard-model
(non-SM) particles or couplings. The presence of non-
SM physics may alter the expected decay or flavor-mixing
rates, or introduce additional sources of CP violation be-
sides the Cabibbo-Kobayashi-Maskawa (CKM) phase. The
physics of neutral kaons and bottom mesons has been
mostly explored in dedicated experiments using kaon
beams and eþe" collisions [1]. The physics of bottom-
strange mesons is currently being studied in detail in
hadron collisions [1]. In spite of the success of several
dedicated experiments in the 1980’s and 1990’s, experi-
mental sensitivities to parameters related to mixing and
CP violation in the charm sector were still orders of
magnitude from most SM and non-SM expectations [2].
Improvements from early measurements at dedicated
eþe" colliders at the "ð4SÞ resonance (B factories) and
the Tevatron were still insufficient for discriminating
among SM and non-SM scenarios [3–7]. Since charm
transitions are described by physics of the first two quark
generations, CP-violating effects are expected to be
smaller than Oð10"2Þ. Thus, relevant measurements re-
quire large event samples and a careful control of system-
atic uncertainties to reach the needed sensitivity. Also,
CP-violating effects for charm have significantly more
uncertain predictions compared to the bottom and strange
sectors because of the intermediate value of the charm
quark mass (too light for factorization of hadronic ampli-
tudes while too heavy for applying chiral symmetry). All
these things taken together have made the advances in the
charm sector slower.

Studies of CP violation in charm decays provide a
unique probe for new physics. The neutral D system is
the only one where up-sector quarks are involved in the
initial state. Thus it probes scenarios where up-type quarks
play a special role, such as supersymmetric models where
the down quark and the squark mass matrices are aligned
[8,9] and, more generally, models in which CKMmixing is
generated in the up-quark sector. The interest in charm

dynamics has increased recently with the observation of
charm oscillations [10–12]. The current measurements [4]
indicateOð10"2Þmagnitudes for the parameters governing
their phenomenology. Such values are on the upper end of
most theory predictions [13]. Charm oscillations could be
enhanced by a broad class of non-SM physics processes
[14]. Any generic non-SM contribution to the mixing
would naturally carry additional CP-violating phases,
which could enhance the observed CP-violating asymme-
tries relative to SM predictions. Time-integrated
CP-violating asymmetries of singly Cabibbo-suppressed
decays into CP eigenstates such as D0 ! !þ!" and
D0 ! KþK" are powerful probes of non-SM physics con-
tributions in the ‘‘mixing’’ transition amplitudes. They also
probe the magnitude of ‘‘penguin’’ contributions, which
are negligible in the SM, but could be greatly enhanced by
the exchange of additional non-SM particles. Both phe-
nomena would, in general, increase the size of the observed
CP violation with respect to the SM expectation. Any
significant CP-violating asymmetry above the 10"2 level
expected in the CKM hierarchy would indicate non-SM
physics. The current experimental status is summarized in
Table I. No CP violation has been found within the preci-
sion of about 0.5% attained by the Belle and BABAR
experiments. The previous CDF result dates from 2005
and was obtained using data from only 123 pb"1 of inte-
grated luminosity. Currently, CDF has the world’s largest
samples of exclusive charm meson decays in charged final
states, with competitive signal purities, owing to the good
performance of the trigger for displaced tracks. With the
current sample CDF can achieve a sensitivity that allows

TABLE I. Summary of recent experimental measurements of
CP-violating asymmetries. The first quoted uncertainty is statis-
tical, and the second uncertainty is systematic.

Experiment ACPð!þ!"Þð%Þ ACPðKþK"Þð%Þ
BABAR 2008 [15] "0:24$ 0:52$ 0:22 þ0:00$ 0:34$ 0:13
Belle 2008 [16] þ0:43$ 0:52$ 0:12 "0:43$ 0:30$ 0:11
CDF 2005 [17] þ1:0$ 1:3$ 0:6 þ2:0$ 1:2$ 0:6
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Not easy to improve (by CDF or anybody else)



Expanding the portfolio
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CPV in the resonant 
structures of D*-tagged   
D0-->Ksππ decays. 

First full Dalitz amplitude 
analysis in hadron collider.

No evidence for any CP 
violating effects in 6 fb-1

Bounds greatly tightened 
with respect to CLEO PRD 70, 
091101 (2004) ACP= (-0.05 ± 0.57 ± 0.54)%

Just an example. Whole program available at CDF: D0->4K, D0-
>KKππ, or D+ --> K+K0  and other SCS c->u penguin decays, as 
suggested in PRD 85, 054014 (2012)

_



Summary
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Many open questions on current understanding of 
matter and interactions closely related to flavor.

SM success doesn’t preclude chance of detectable effects 
from BSM phenomena 

Charm physics promising (sensitive to up-type NP) and 
yet to be fully explored.

CDF at the forefront of this effort: CP-invariant initial 
state, symmetric coverage, 107 reconstructed decays, 
accurate tracking.

Updated measurement of CPV in D->hh decays using  
whole dataset finds strong indication of CPV in charm 
with a size suggestive of BSM physics. Supports similar 
results from LHCb and motivates further exploration 



Charm Decay Factory
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 Ds+-D+ mass difference  PRD68, 072004 (2003) 15 cit. 

 Charm x-section   PRL 91 241804 (2003) 139 cit.

 D->μμ  PRD 68 091101 (2003) 31 cit. and PRD 82 091105 
(2010) 5 cit.

 D->hh Br and CPV PRL 94, 122001 (2005) 55 cit. PRD 
85, 012009 (2012) 20 cit.

 Excited D masses PRD 73 051104 (2006) 15 cit.

 D->Kπ WS analysis, PRD 74, 031109 (2005) 25 cit

 D mixing, PRL 100 121802 (2008) 111 cit.

 Charm baryons, PRD 84, 012003 (2011), 6 cit.

At the dawn of Run II:  550 pages of HF plans        

..and not a single word on charm, which had become a small but 
high-impact portion of the CDF program: 



the end
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Combining asymmetries
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A = (A1 + A2)/(1+A1A2)

Combination of small asymmetries is additive.  

Two asymmetries A1 and A2 combine as 

The exact expression expanded in power series gives

A = A1 + A2 - A1A1A2 - A1A2A2  + ...

where the first neglected terms are O(10-6) for A1, A2 ≈ O(%) 



Individual asymmetries
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ACP(KK) = A(KK*) - A (Kπ*) + A(Kπ)



Secondary charm
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Higher order effetcs
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